vide a straightforward way to achieve dosage compenMost genes on the X chromosome undergo ''inactiva-sation; but the mechanism is clearly more sophistition,'' being transcribed from only one copy in female cated, since it has become clear that some genes consomatic cells, but several human genes have been tinue to be expressed even on the inactive X (Brown shown to be expressed from both the active and the and Willard, 1993). Biologically, such genes, including otherwise inactivated homologue. To assess further those in the pseudoautosomal region (Goodfellow et al., the fraction and location of genes that escape inactiva-1984; Ellison et al., 1992a; Slim et al., 1993 ; Schiebel tion, we have analyzed the inactivation status of a set et al., 1993), are relatively indifferent to dosage, since of 73 expressed sequence tags that were derived from they are expressed at proportional levels in cells from the sequencing of cDNA collections and mapped to the individuals with one to five X chromosomes. As such, X chromosome. Of 33 that were expressed in cultured they could likely be autosomal rather than X linked.
INTRODUCTION
ting that genes that escape inactivation tend to fall in clusters. A simple inference would be that the pseudo-X chromosome inactivation provides dosage compen-autosomal region or other regions interspersed on the sation for the expression level of X-linked genes from chromosome in Xp22.1 and Xp11.2-p11.3, for example the single X in males and the two in females. The pro- (Schempp and Meer, 1983) , have sequences that process occurs in every female somatic cell early in devel-tect them from the inactivation process, either by bindopment, when transcription on one X chromosome is ing positive regulatory proteins or by promoting the selectively spared from massive repression on the oth-adoption of a special higher order structure. er(s) (Lyon, 1961) .
As systematic studies of the X chromosome have pro-A chromosome-wide ''all or none'' switch would pro-ceeded, it has become possible to extend genome approaches to assess the fraction and identity of X genes Sequence data from this article have been deposited with the that escape inactivation, how many ''clusters'' of unin-EMBL Data Library under Accession Nos. Y10696 and Y10697. activated genes occur, and how many of the genes have 1 To whom correspondence should be addressed. Phone: /39-59-424826. Fax: /39-59-424840. E-mail: forabosc@unimo.it. a Y homologue. We have analyzed the inactivation sta- Note. For each EST, EMBL database accession number, size of amplified product, and pattern of expression in active and inactive X chromosome and Y chromosome DNAs are given. ment of chromosome 12 (12q24.3-qter)]; a hybrid retaining two inactus of 33 expressed sequence tags (ESTs) that map to tive human X chromosomes, X8/6T2 (from M. Rocchi); and two hylocations on the X (Lennon et al., 1996;  Gianfrancesco brids retaining the human Y chromosome, GM06317 (NIGMS) and et al ., 1997; Auffray et al., 1995) and are expressed Hy853 (D'Esposito et al., 1996) (from A. Ballabio). The hamster cell in hybrid cell cultures. Four escaped inactivation and line YH21 (Antonacci et al., 1995) (from M. Rocchi) was used as negative control. The hybrid cell line X3000.11 used in Southern blot included two known genes (RPS4X and PCTAIRE1) assays contains Xq24-qter human DNA (Nussbaum et al., 1986). and two new transcripts, one of them a conventional ESTs. Seventy-three ESTs, including 52 derived from infant gene and the other a noncoding RNA, which map to brain and 21 from adult muscle cDNA libraries, were derived from the short arm of the X chromosome but have no Y homo-IMAGE consortium and were previously mapped on human X chrologue. Both genes map in regions in which transcripts mosome (Lennon et al., 1996; Gianfrancesco et al., 1997;  Auffray et that escape inactivation have previously been localized. al., 1995) . The PCR product sizes and the accession numbers are indicated in Table 1 .
Analysis of expression from active and inactive X chromosomes.

MATERIALS AND METHODS
RNAs from hybrid cell lines were obtained by extraction in guanidinium thiocyanate followed by centrifugation in cesium chloride soluHybrid cell lines. The panel of somatic cell hybrid lines used in tion (Sambrook et al., 1989) . Ten micrograms of total RNA, 11 reac-RT-PCR assays comprised two hybrids retaining the active human tion buffer (40 mM Tris-HCl, pH 7.9, 10 mM NaCl, 6 mM MgCl 2 ), X chromosome, Hy136c (Antonacci et al., 1995) (from M. Rocchi) 16.5 units of RNasin (Promega), and 7 units of RQ1DNase (Promega) and GM06318B (NIGMS, Camden, NJ); three hybrids retaining an were incubated in 50 ml total volume at 37ЊC for 30 min. After inactive human X chromosome, THX88 (Agulnik et al., 1994) (from incubation, the RNA was purified on Strataclean resin (Stratagene). A. Ballabio), Hy70C4T3 (D' Esposito et al., 1996) , and Y.162.5E1T2
About 1 mg of total RNA was reverse-transcribed in a 50-ml reaction (from M. Rocchi) [the hybrid Y.162.5E1T2 retains an inactive human X chromosome, a portion of chromosome 5 (5pter-5cen), and a fragmixture containing 11 RT buffer (20 mM Tris-HCl, pH 8.4, 50 mM Sequence databases were searched using the BLAST sequence alignment program (Altschul et al., 1990) . Northern blot analysis. A human multiple-tissue Northern blot (Clontech) was hybridized with both cDNAs and with a b-actin probe to verify the relative normalization of mRNA amounts. The Northern blot was prehybridized by a standard protocol (Clontech); the hybridized filter was washed once in 21 SSC, 1% SDS at 65ЊC and twice in 0.21 SSC, 0.2% SDS at 65ЊC. The filters A and C were exposed for 7 days; filter B was exposed for 20 days.
RESULTS
X-Linked EST Expression in Hybrids Containing Xa, Xi, or Y Chromosomes
Seventy-three ESTs, including 52 derived from infant brain and 21 from adult muscle cDNA libraries (Table 1) , were assessed by RT-PCR for expression in somatic cell hybrids. Seven hybrids, retaining active X, inactive X, or Y as their only human chromosome content, were tested (see Materials and Methods). and not from contaminating DNA in the RNA preparations. Control genes showed the expected amplification KCl, 2.5 mM MgCl 2 ), 10 mM DTT, 0.5 mM dNTP, 0.2 mg of random products from the inactive X for XIST (Brown et al., hexamers (Boehringer Mannheim) , and 200 units of SuperScript 1991) and from active X, inactive X, and Y for MIC2 reverse transcriptase (Gibco BRL). After a 60-min incubation at (Brown et al., 1990) (Fig.1 ).
37ЊC, 1 mg of DNase-free RNase was added and incubated 10 min at Forty of the 73 ESTs analyzed were not expressed 37ЊC. The cDNA formed was extracted twice with phenol/chloroform/ in any hybrids tested, presumably because they were isoamyl alcohol (25/24/1). The cDNA was then precipitated overnight with 1/10 volume of 3 M sodium acetate, pH 5.2, and 2.5 volume derived from muscle and infant brain libraries and are of ethanol. Approximately 1 mg of cDNA was recovered. RT-PCR expressed in a tissue-specific manner. Of the other 33 experiments were carried out using 100 ng of genomic DNA, 100 ng ESTs, 29 ESTs were expressed only in the hybrids conof RNA, and 5 ng of cDNA as the template in a 10-ml PCR containing taining the active human X chromosome. Four ESTs 11 TNK50/100 buffer (Blanchard et al., 1993) Cycler MJR (M. J. Research, Inc.), we carried out 35 cycles of ampliis expressed in hybrids retaining the human Y chromofication using a step program: 1 min at 94ЊC, 2 min at 55ЊC, and 2 some (Fig.1, Table 1 ). min at 72ЊC.
The EST expressed from both X and Y, Bdy41e08, is Genomic and cDNA clones. YAC clones positive for EST Cda1bf09 part of RPS4X, a gene already known to have a homolowere yWXD8034, yWXD8036, yWXD8038, and yWXD8039 (from the gous but not recombining copy on Y and to be expressed Washington University Genome Center) (Nagaraja et al., 1994) . The from the Y as well as both the active and the inactive YAC clone 982e12 (from C. Sala) was isolated from the CEPH YAC library (Chumakov et al., 1992) .
X chromosome (Fisher et al., 1990) . Of the other three Southern blot hybridizations were carried in 51 SSPE/51 DenhESTs, Bdy62b07 corresponds to the human gene ardt's/0.5% SDS at 65ЊC; filters were washed once in 21 SSC (300 PCTAIRE1, recently reported to escape the X inactivamM NaCl, 30 mM sodium citrate, pH 7.5), 1% SDS at 65ЊC and twice tion (Carrel et al., 1996) . The other two ESTs, Bdy24g10 in 0.21 SSC, 0.2% SDS at 65ЊC.
(DXS6974E in the Genome Database and sWXD2367 in
The cDNA libraries used in this work were from an uninduced male teratocarcinoma cell line, NT2/D1 (Skowronski et al., 1988) , the Washington University database and contig maps) a human embryo 8-week library (Simeone et al., 1992) , and a female and Cda1bf09 (DXS7020E and sWXD2436), had not skeletal muscle 19-year cDNA library (Stratagene). PCR screening been previously reported to escape inactivation and was carried out with EST primer pairs using the above PCR condi-were studied further. Fig. 2A . Its escape from inactivation was confirmed by RT-PCR assays with a second primer pair gene, which may lie in a region unstable in YACs, remains to be determined. (Fig. 2A) et al., 1994) , highly expressed in pancreas, heart, and liver (Fig. 3A) .
EST Cda1bf09 detected no cognate DNA species from The cDNA contains two interesting open reading embryo or muscle cDNA libraries, but a cDNA of almost frames. The largest ORF starts at the ATG codon at 2 kb was recovered from a cDNA collection derived from nucleotide 150 and ends with the termination codon at a human uninduced male teratocarcinoma cell line, nucleotide 425, encoding a putative protein of 92 amino NT2/D1 (Skowronski et al., 1988) . acids (10,420 Da). The sequence also contains an open
The isolated cDNA was completely sequenced, but reading frame from nucleotide 459 to nucleotide 611 no obvious open reading frame was observed anywhere and could be inferred to encode a putative protein of in the total of 1872 bp (Fig.2B) . The ORF of most inter-51 amino acids (5421 Da) containing a zinc finger-like est encodes a protein of 60 amino acids, from nucleotide domain from amino acids 9-29. This motif would be 1521 to 1700, and contains a possible nuclear localizaconsistent with the protein functioning as a regulatory tion signal. There is no poly(A) tail associated with the transcription factor. Both of these ORFs contain Alu sequence, and a search of the EMBL database found no repetitive elements in the 3 untranslated region besignificant homology with any known genes. However, ginning at nucleotide 635 and extending through the high homology to many other brain-specific ESTs was remaining part of the cDNA, including the poly(A) tail.
found. Comparison of our cDNA sequence with these Interestingly, the cDNA does not contain a canonical ESTs permitted us to orient the transcript and to assopoly(A) addition signal and appears to be using the ciate it with a poly(A) tail (Fig.2B) . A canonical poly(A) poly(A) sequence at the 3 end of the Alu. Therefore, signal is found 18 bases upstream of the site of polyadethis cDNA may not be posttranscriptionally polyadenylation. An Alu repetitive element was found near the nylated. A search of the EMBL database showed no 5 end of the cDNA (nucleotides 165-446). significant homology with any known gene. To distin-A unique though low level of a 2 kb RNA species was guish the transcript from the EST, it has been called detected uniquely in adult brain by Northern analysis INE1 (for inactivation escape 1). (Fig.3B) . Also, the expression of such a transcript from Xa and Xi was confirmed by RT-PCR with two addiChromosomal localization of the INE1 Transcript tional primer pairs designed from the cDNA sequence In previous work (Gianfrancesco et al., 1997) the EST (see Fig.2B ; data not shown). The transcript was desigBdy24g10 was localized to the interval Xp21.2-p11.23. nated INE2. When YAC collections containing 20 equivalents of DNA were screened (Nagaraja et al., 1994) , only one Chromosomal Localization of INE2 positive clone, 982e12, was recovered, from the CEPH megaYAC library (Chumakov et al., 1992) .
EST Cda1bf09 was previously localized to the Xp22.31 region (Gianfrancesco et al., 1997) . The gene By Southern blot hybridization the cDNA detected a 3.7-kb EcoRI fragment in the YAC 982e12 as well as was more precisely mapped in a YAC contig that has been published, near the 5 end of the PIGA gene, with in male and female DNA and in DNAs from hybrid cells containing a human X chromosome, and in agree-the nearest markers being pTS247 and AFM164zd4 (DXS197 and DXS1053; see Alitalo et al., 1995 , and the ment with PCR assays, no corresponding restriction fragment was observed in Y DNA (Fig. 4A) .
map on the Washington University WEB site). This is the second transcript in this region that has been found Fluorescence in situ hybridization analysis was carried out with the 1-Mb YAC on male metaphase chro-to escape X inactivation (Ellison et al., 1992b) .
A HindIII fragment of about 450 bp from the INE2 mosomes. In addition to hybridization to sites on chromosomes 2 and 6, likely from chimeric segments, the DNA detected a 2-kb EcoRI fragment in Southern blot hybridization with YACs from the region, as well as YAC gave a specific X chromosome signal in Xp11.3-11.4; again no signal was seen on Y (data not shown). with male and female DNA and DNAs from hybrids containing a human X chromosome (Fig.4B) ; as expected, again no hybridization was observed to DNAs from hybrids containing the human Y.
DISCUSSION
How Many X-Linked Genes Escape Inactivation?
The fraction that escape inactivation will of course be definitively determined when the complete catalogue of X-specific genes is identified and tested. Studies like this one clearly look at a biased sample: those genes that are expressed at a relatively high rate in one of a few tissues and can be easily assessed for their inactivation state in growing somatic cell hybrid lines. Nevertheless, the estimate of 10-15% obtained here for a cohort of ESTs is in agreement with the observation that about 10% of the X-linked human genes mapped outside of the pseudoautosomal region escape inactiva- (Franco et al., 1995; Yen et al., 1987 Yen et al., , 1992 ; matic cell line (Hy136c) containing only the human X chromosome; Franco et al., 1991; Ellison et al., 1992b ; Schneider-lane 6, DNA from human/hamster somatic cell line (Hy853) con- Gadicke et al., 1989; Jones et al., 1996;  Brown and taining only the human Y chromosome; lane 7, DNA from human/ hamster somatic cell line (X3000.11) containing only the human X Willard, 1990; Carrel et al., 1996; Miller et al., 1995;  chromosome fragment Xq24-q28. (B) Genomic localization of cDNA Wu et al., 1994a; Brown et al., 1995; Fisher et al., 1990) . scribed species in cDNA collections and as a species in Northern analyses, also appears to be an RNA transcript; but its lack of an obvious open reading frame make it likely that it is noncoding. Instead, it could speculatively be a type of ''RNA gene'' that escapes inactivation. Alternatively, the presence of a poly(A) signal and polyadenylation suggest the RNA is translated. The resolution of this matter will require further investigation.
Map Locations and Implications for Mechanism of X Inactivation
The previously known genes that escape inactivation map to seven locations, and it has been shown that there is a tendency for them to be clustered (Miller et al., 1995) . Although INE1 is thus far mapped only approximately, it is very possibly associated with one of two clusters of genes in Xp11.3-p11.4 that escape inactivation. In contrast, INE2 maps to Xp22.2, at a defined position centromeric to the PIGA gene. In this  FIG. 3 interspersed among inactivated ones (Ellison et al., Migliaccio for sequence analysis. This work was supported by 1992b; Alitalo et al., 1995; Mohandas et al., 1987) . In MURST 40% to A.F.; CNR Progetto finalizzato ''Ingegneria Genetica'' this respect, the curious ''RNA-like'' character of INE2 No. 95.00642.PF99, Progetto Materno Infantile, ISS to A.F.;  and may be a hint to a relevant structural function.
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